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In this short communication we present a simple internal mechanism that accounts for the recently
observed anti-glitch in magnetar 1E 2259+586.
We propose that the decay of an internal toroidal magnetic field component would de-stabilize
an originally stable prolate star configuration. Then, the subsequent rearrangement of the stellar
structure would give rise to a “more spherical” configuration, resulting in a sudden spin-down of the
whole star.
We present here some order of magnitude calculation to give confidence to this scenario, using
the simplest analytical stellar model and let more detailed calculations for a more technical future
paper.
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I. PRELIMINARIES
Magnetars are neutron stars powered by their strong internal magnetic fields [1]. The detailed study of
the temporal behaviour of magnetar’s emission can be used to constrain both their external dipolar magnetic
field and internal structure [2, 3]. Despite the fact that all neutron stars suffer a long term spin-down, due
to their dipole magnetic field decay, many sudden spin-up, known as glitches in the literature, have been
observed in pulsars and magnetars [4, 5]. Recently, clear evidence of the first sudden spin-down detection
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2was observed in magnetar 1E 2259+586 [6], a so-called“anti-glitch”. There, the authors propose two different
interpretations for the observational evidence: (i) an anti-glitch event followed by a normal glitch (after ∼100
days) and (ii) a sequence of two anti-glitches (separated by ∼50 days). Spin-down events were also observed
in magnetars SGR 1900+14 [7] and 4U 0142+61 [8], and in the high magnetic field pulsar PSR J1846–0258
[9], but none of them is considered as an anti-glitch, because of their long timescales (17− 127 days).
The Anomalous X-ray Pulsar 1E 2259+586, with a ∼ 7 s period, is a magnetar with a characteristic age
∼ 104 yr and a spin-inferred surface dipolar magnetic field of Bd ∼ 5.9 × 10
13 G, which poses a minimum
value for the internal magnetic field strength. 1E 2259+586 has been monitored with Rossi X-ray Timing
Explorer and Swift X-ray Telescope over almost the last two decades, showing a stable spin-down rate, with
the exception of two spin-up glitches in 2002 [10] and 2007 [11], a timing event in 2009 [11], and this anti-glitch
in 2012.
From [6], it follows that the observational fact that has to be explained by any model is a total change in
frequency in the complete ∼ 100 day event was ∼ −5×10−7 Hz, that can be interpreted as two instantaneous
changes in spin frequency (|∆ν/ν| & 10−7). In order to adjust the timing data from Swift, the authors propose
two models: (i) an anti-glitch in which ∆ν/ν = −3.1(4) × 10−7 followed by a spin-up event, of amplitude
∆ν/ν = 2.6(5)× 10−7; (ii) an anti-glitch in which ∆ν/ν = −6.3(7)× 10−7 followed by a second anti-glitch in
which ∆ν/ν = −4.8(5)× 10−7. Based on a bayesian analysis, model (ii) is favoured [12].
Several explanations for this anti-glitch event have been proposed, based both on external [13] and internal
[14] origins. Despite searches in radio and X-ray wavelengths, no surrounding afterglow was detected [6],
arguing against a sudden particle outflow or wind-driven scenario. In this sense, a most promising approach
seems to be a an internal rearrangement of the star. With this short communication we aim to provide a
simple mechanism where the sudden spin-down of the star occurs while the stellar structure reaccommodates
after a substantial decay of the internal toroidal magnetic field component. A similar scenario was also
suggested to account for the SGR 1900+14 event [15].
In [16, 17], the authors developed a formalism to model magnetically deformed neutron stars. In their
work, deformations are calculated for a uniform density star with a mixed poloidal-toroidal magnetic field
configuration, rotating with angular velocity, which, in the case of magnetars, as 1E 2259+586, is completely
irrelevant, because of their long periods. The main result of their work is that while for strong poloidal
magnetic fields, as for rapid rotation, the stars tend to oblate to keep mechanically stable, if internal toroidal
fields dominate the magnetic field configuration, prolate stars are favoured.
For volume preserving l = 2 mode, and mixed toroidal-poloidal magnetic field, the quadrupolar distortion
for incompressible stars of uniform density is given by:
ǫ =
Izz − Ixx
Izz
= −
25R4
24GNM2
(〈
B2t
〉
−
21
10
〈
B2p
〉)
, (1)
where
〈
B2t
〉
is the mean value of the square of the toroidal magnetic field strength,
〈
B2p
〉
is the mean value
of the poloidal component, R the radius of the undeformed star, GN the gravitational constant and M the
mass of the neutron star.
Despite that a purely toroidal magnetic field is unstable [18–21], an additional poloidal component with
energy Ep/Et = B
2
p/B
2
t ∼ 1 − 5% stabilizes the magnetic field configuration [22], allowing us to neglect the
poloidal contribution to Eq. 1 as
〈
B2p
〉
≪
〈
B2t
〉
.
II. THE MODEL
Without entering in detailed calculations, based on Eq. (1) it is clear that the net effect of the decay of the
toroidal magnetic field, which is expected due to the combination of Ohmic and Hall effects in the neutron
star interior, as it is shown in numerical simulations [see, fon instance, 23, 24], is to make an initially stable
prolate configuration unstable. The “more spherical” configuration has greater moment of inertia respect to
the rotation axis, z in this case, and thus, in the abscense of an external torque, due to the conservation of
the angular momentum, this could easily account for the sudden spin-down observed.
The theoretical picture that we want to explode is the following: given a certain “initial” mostly toroidal
magnetic field strength,
〈
Bit
〉
, the neutron star crust crystallizes in a prolate equilibrium configuration. Then,
3as the magnetic field decays this prolate configuration becomes unstable up to a point in which a sudden
change in the shape of the star occurs. After this, the stellar structure achieves a new stable and less prolate
configuration associated to
〈
Bft
〉
. Based on Eq. 1, a change in the effective toroidal magnetic field component
will produce a change in the moments of inertia that would lead to a change in the rotation frequency of the
star. If the magnetic field axis is aligned with the rotation axis of the star, the relative change in frequency
will be given by:
∆ν
νi
≡
νf − νi
νi
=
Iizz
Ifzz
− 1 =
(
Rie
Rfe
)2
− 1, (2)
where Re is the equatorial radius of the star. Actually, we can analytically calculate Re as a function of
〈
B2t
〉
using Eq. (1), from where we obtain:
Re = R(1− 2ǫ)
−1/6. (3)
Thus, putting all together we can write (Eq. 2) as as a function of the quadrupolar distortion, resulting:
∆ν
ν
=
(1− 2ǫf )1/3
(1− 2ǫi)1/3
− 1 ∼
2
3
(ei − ef ). (4)
where, in the last approximation, we used that, in the case of our interest, both
∣∣ei,f ∣∣ ∼ 10−6 ≪ 1.
III. RESULTS
Following the model presented in Section II, for a constant density neutron star, which is deformed to a
prolate shape by the presence a mostly toroidal magnetic field [16], we calculate the change in the magnetic
field strength needed to account for the ∆ν/ν observed in 1E 2259+586.
For a “typical” neutron star of radius R = 10 km and mass M = 1.4M⊙, with a mean toroidal magnetic
field of 〈Bt〉 = 2 × 10
15 G, which corresponds to a maximum value BM & 10
16 G [22], we estimate that a
decay in the magnetic field of about ∼ 10% can be responsible for the observed spin-down. These qualitative
result is almost insensitive to other acceptable values for mass, radius and magnetic field strength (see Figure
1).
In Figure (1) we plot the physical solutions, ∆ 〈Bt〉 < 0, to Eq. (4), as a function of the initial toroidal
magnetic field strength
〈
Bit
〉
, for three different neutron star configurations, assuming a jump in frequency
∆ν/ν = −6.3 × 10−7 equal to the first of the two events of model (ii). In black we plot the identity as a
reference.
For each of the adopted neutron star configurations, we find that a minimum value for
〈
Bit
〉
is needed
in order to have a solution to Eq. (4) for the observed ∆ν/ν. This critical value is, in any case, several
times 1014 G, which avoids the occurrence of anti-glitches in normal pulsars, only allowing this phenomena
to occur in strongly magnetized neutron stars, i.e. magnetars. This result explains why despite that many
pulsars have been thoroughly monitored for several decades, no sudden spin-down event of this kind has been
detected at all.
In Figure (2) we present ∆ν/ν from Eq. (4) as a function of the change |∆ 〈Bt〉| /
〈
Bit
〉
in the toroidal
magnetic flied strength. The horizontal lines account for the values corresponding to model (ii), and the
shaded rectangles for the error bars.
IV. CONCLUSIONS
A very simple model to explain the anti-glitch observed in magnetar 1E 2259+586 is presented here. We
propose that a natural decay of the toroidal magnetic field component, of approximately ∼ 10%, from an
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Figure 1: Physical solutions to Eq. (4) for ∆ν/ν = −6.3 × 10−7 as function of
〈
Bit
〉
, for three different neutron star
configurations. In solid black we plot the identity function as a reference.
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Figure 2: Calculated ∆ν/ν values from Eq. (4) as a function of the change |∆ 〈Bt〉| /
〈
Bit
〉
in the toroidal magnetic
flied strength. As a reference the values corresponding to the anti-glitch/anti-glitch pair are presented in horizontal
lines with error bars considered.
5initial
〈
Bit
〉
& 1015 G, would be enough to de-stabilize an originally prolate configuration for the stellar
structure, reducing it to a “more spherical” one. As a result, a sudden change in the moments of inertia of
the star produces a net spin-down, as the one observed in [6]. Detailed studies of the magnetic field evolution
in neutron stars show that a magnetic field decay of ∼ 10% as the one needed in our model is easily achieved
after t . 104 yr for a magnetar like 1E 2259+586 [24].
It is also worth to notice that gravitational waves potentially observed by advanced LIGO, should be
emitted under this scenario due to oscillations induced by the changes in the stellar structure.
More involved calculations using more realistic neutron star configurations are being carried away [25] to
refine these results.
Acknowledgements
We are thankful to He´ctor Vucetich, Deborah N. Aguilera for useful discussions, encouragement and feed-
back. FG is a Fellow of CONICET. IFRS is a Fellow of CONICET and acknowledges support by UNLP.
[1] Duncan, R. C., & Thompson, C. 1992, ApJL, 392, L9
[2] Chamel, N., & Haensel, P. 2008, LRR, 11, 10
[3] Kouveliotou, C., Dieters, S., Strohmayer, T., et al. 1998, Nature, 393, 235
[4] Espinoza, C. M., Lyne, A. G., Stappers, B. W., & Kramer, M. 2011, MNRAS, 414, 1679
[5] Yu, M., Manchester, R. N., Hobbs, G., et al. 2013, MNRAS, 429, 688
[6] Archibald, R. F., Kaspi, V. M., Ng, C.-Y., et al. 2013, Nature, 497, 591
[7] Woods, P. M., Kouveliotou, C., van Paradijs, J., et al. 1999, ApJL, 524, L55
[8] Gavriil, F. P., Dib, R., & Kaspi, V. M. 2011, ApJ, 736, 138
[9] Livingstone, M. A., Kaspi, V. M., & Gavriil, F. P. 2010, ApJ, 710, 1710
[10] Kaspi, V. M., Gavriil, F. P., Woods, P. M., et al. 2003, ApJL, 588, L93
[11] Ic¸dem, B., Baykal, A., & Inam, S. C¸. 2012, MNRAS, 419, 3109
[12] Hu, Y.-M., Pitkin, M., Heng, I. S., & Hendry, M. A. 2013, arXiv:1311.2955
[13] See for example, Y.F. Huang and J.J Geng, arXiv:1310.3324v1; M. Lyuticov, arXiv:1306.2264; R. Ouyed, D.
Leahy and N. Koning, arXiv:1307.1386; H. Tong, arXiv:1306.2445.
[14] Duncan, R. C. 2013, Nature, 497, 574
[15] Ioka, K. 2001, MNRAS, 327, 639
[16] Cutler C. 2002, PRD, 66, 084025
[17] Haskell, B., Samuelsson, L., Glampedakis, K. and Andersson, N. 2008, MNRAS, 385, 531. [Erratum-ibid: 2009,
MNRAS, 394, 1711]
[18] Markey, P., & Tayler, R. J. 1973, MNRAS, 163, 77
[19] Markey, P., & Tayler, R. J. 1974, MNRAS, 168, 505
[20] Braithwaite, J. 2009, MNRAS, 397, 763
[21] Tayler, R. J. 1973, MNRAS, 161, 365
[22] Reisenegger, A. 2013, arXiv:1305.2542
[23] Pons, J. A., Miralles, J. A., & Geppert, U. 2009, A&A, 496, 207
[24] Vigano`, D., Rea, N., Pons, J. A., et al. 2013, MNRAS, 434, 123
[25] Garc´ıa, F. and Ranea-Sandoval, I.F. in preparation.
